We report on our relativistic density-functional investigations of the properties of transition-metal dimers adsorbed on a graphene monolayer supported by a Cu(1 1 1) substrate, which extends our studies of dimers in the gas-phase and adsorbed on a freestanding graphene layer (Błoński and Hafner 2014 J. Phys.: Condens. Matter 26 146002). The presence of the Cu(1 1 1) substrate enhances the interaction between the dimer and the support. For homoatomic dimers such as Ir 2 and Pt 2 a flat adsorption geometry is now preferred over an upright geometry, which is stable on a graphene monolayer. The magnetic moment of the dimer is strongly reduced, the magnetic anisotropy is very low-in contrast to the strong anisotropy of free and graphene-supported Ir 2 and Pt 2 dimers. For heteroatomic IrCo and PtCo dimers the upright geometry with the Co atom located in a sixfold hollow of the graphene layer is preserved, but the stronger interaction with the support leads to a further enhancement of the large magnetic anisotropy energy of IrCo to 0.2 eV/dimer, while that of PtCo is reduced. The mechanism determining the magnetic anisotropy is discussed in relation to the electronic structure of the dimers.
Introduction
Materials with tailored magnetic properties have attracted much attention because of their potential application in highdensity magnetic or magneto-optic data storage devices. A quantity of central interest is the magnetic anisotropy energy (MAE), which determines the barrier to magnetization reversal due to thermal excitations. A high MAE, which is necessary to prevent the loss of information, requires large spin and orbital moments and a strong spin-orbit coupling (SOC). Bimetallic nanostructures consisting of ferromagnetic 3d and heavy 5d elements are possible candidates for materials with a high MAE because of the large spin moments of the light and the strong SOC of the heavy atoms.
An enhanced MAE has been reported for isolated 3d atoms on the surface of heavy 4d or 5d metals [1, 2] . A striking example is the large MAE of 9.3 ± 1.6 meV per deposited atom measured for Co on a Pt(1 1 1) substrate. However, small Co clusters on this surface show only a much smaller MAE per atom, roughly inversely proportional to the number of atoms. An alternative strategy for the design of nanostructures with a large MAE is to look at mixed clusters of 3d and 5d elements.
Gas-phase transition-metal dimers are the smallest objects with a magnetic anisotropy. Very large MAEs of up to 100 meV/dimer have been predicted for dimers of 4d and 5d elements [3] [4] [5] . However, the large magnetic moments of heavy elements such as Pt are very sensitive to interactions with a supporting substrate. The large MAE of a gas-phase Pt 2 
dimer
Journal of Physics: Condensed Matter Cu(1 1 1) supported graphene as a substrate for magnetic dimers with a large magnetic anisotropy: relativistic density-functional calculations is reduced from 46.3 to 23.2 meV/dimer if the cluster is deposited on a freestanding graphene layer [6] . If the graphene layer is supported by a Ni(1 1 1) substrate, the cluster-support interaction is strongly enhanced such that the adsorption geometry of a Pt 2 dimer changes from perpendicular to parallel and the dimer becomes essentially non-magnetic-only trimers and tetramers remain weakly magnetic [7] .
A few density functional theory (DFT) results are available for mixed dimers of 3d and 5d elements. Xiao et al [8, 9] reported an enormous MAE of 142 meV for a IrCo dimer. We have recently presented a comparative study of the magnetic properties of IrCo, PtCo and PtFe dimers. For IrCo a large MAE of 70 meV was calculated, comparable to the MAE of an Ir 2 dimer, while for PtCo an anisotropy energy of only 17.3 meV (even smaller than for homoatomic Pt 2 , but larger than for a Co 2 ) was reported [10] . For both the IrCo and PtCo dimers the easy magnetic direction is along the dimer axis. For a PtFe dimer with the same number of valence electrons as IrCo, a modest perpendicular anisotropy of-3.2 meV was calculated [10] . The interaction of the mixed dimers with a supporting graphene layer affects the magnetic anisotropy in a very different way. For IrCo on graphene both studies [8, 10] predict a further enhancement of the MAE by a factor of about 1.4; for PtCo/graphene the interaction with the substrate leads to a reduced MAE of 11.7 meV [10] . For a PtFe dimer on graphene the easy magnetic axis was found to be aligned with the dimer axis (in contrast to the free dimer) with an MAE of 13.4 meV, which is an increase of nearly a factor of four compared to the free dimer.
Admittedly, dimers on a freestanding graphene layer are primarily of scientific interest since, for any practical applications of graphene-supported magnetic nanoclusters, the carbon sheet must be deposited on a solid substrate (for a compilation of the literature on metal supported graphene we refer the reader to a review article by Voloshina and Dedkov [11] ). Recently we have investigated the adsorption of small Pt clusters on a graphene-covered Ni(1 1 1) substrate [7, 12] . Although the interaction between graphene and the Ni surface is weak and dominated by dispersion forces, the interaction between the adsorbed clusters and the Ni support across the graphene layer was found to be sufficient to change the structural and magnetic properties of the clusters compared to those deposited on a free graphene layer. The strength of the Pt-Ni interaction is probably caused by the open 3d shell of the supporting metal. In the present work we have investigated the properties of homoatomic Pt 2 and Ir 2 and of heteroatomic PtCo and IrCo dimers on a graphene layer epitaxially grown on a Cu(1 1 1) surface, comparing them with dimers on freestanding graphene and in the gas phase.
The growth of graphene on copper foils has attracted considerable interest as a simple and low-cost method to synthesize a large area of high-quality and uniform graphene layers. [13] Recent low-energy electron microscopy investigations [14] have demonstrated that the epitaxial graphene film on a smooth Cu(1 1 1) surface is closely aligned to a single in-plane orientation, with a low number of structural defects. The grapheneCu(1 1 1) interfacial properties have also been extensively investigated using density functional methods with different variants of the exchange-correlation functional [15] [16] [17] [18] [19] . The generalized gradient approximation (GGA) predicts no binding between graphene and Cu, while in the local density approximation (LDA) a weak binding at a large distance (>3 Å) from the Cu surface is obtained if one compresses Cu to match the lattice parameter of graphene. The surprisingly good performance of the LDA is fortuitous since the predicted physisorption originates largely from an overestimation of the exchange interactions, whereas dispersion forces are a purely nonlocal correlation effect. Many-body calculations [19, 20] in the random phase approximation (RPA) combined with the adiabatic connection-fluctuation dissipation theorem (ACFDT) achieved a physically realistic description of the binding between graphene and a metallic substrate. While for the surfaces of metals with an open d-shell (such as Ni (1 1 1) ) a weakly chemisorbed state with a graphene-substrate distance of d ∼ 2.2 ± 0.1 Å coexists with a physisorbed state at d ∼ 3.25 Å, for graphene on Cu(1 1 1) only a physisorbed state has been found. Due to the epitaxial relation between the graphene overlayer and the metallic substrate, the RPA-ACFDT calculations could be performed with a small unit cell. For the large cells required to describe an isolated cluster on the graphene/metal support, the RPA-ACFDT is computationally much too demanding. However, it has been demonstrated that for graphene on Ni(1 1 1) the binding energy and distance calculated with the semi-empirical pair-wise dispersion correction proposed by Grimme et al [21, 22] are in very good agreement with the chemisorbed state identified in the RPA-ACFDT calculations of Olsen et al [19] and Mittendorfer et al [20] . Therefore the same approach has been used in the present work.
Our paper is organized as follows: In section 2 we briefly discuss the computational background and the results for the graphene/Cu support interactions. The results for isolated Pt adatoms and homoatomic dimers on this support are presented in sections 3.1 and 3.2, and in section 3.3 for the mixed dimers, which are discussed in comparison with the free and graphene-supported clusters. In section 4 the results are analyzed in terms of the partial electronic density of states of the supported dimers, which we summarize in section 5.
Computational details
The ab initio studies reported are based on DFT, including dispersion corrections, as implemented in the VASP code (Vienna Ab-initio Simulation Package). [23, 24] VASP performs an iterative solution of the Kohn-Sham equations within a planewave basis set, employing periodic boundary conditions and describing the electron-ion interaction within the projector-augmented-wave formalism. [24, 25] The plane-wave basis set contained components with energies up to 500 eV. Electronic exchange and correlation are described using the functional of Perdew, Burke and Ernzerhof (PBE) [26] in the GGA approximation. The Brillouin zone was sampled using a 6 × 6 × 1 Γ-centered k-point mesh and a Gaussian smearing of 0.02 eV. Electronic densities of states were calculated using the tetrahedron method. The dispersion corrections proposed by Grimme et al [21, 22] with screened dispersion coefficients [27] for Cu(1 1 1) were added to the self-consistently calculated Kohn-Sham energies and forces as implemented in VASP by Bučko et al [28, 29] The graphene/Cu(1 1 1) complex was represented by a periodically repeated unit cell containing the graphene layer supported on a four-layer Cu slab and a 20 Å wide vacuum layer. The C-sheet contains 48 atoms and the substrate 24 Cu atoms per layer. Previous calculations showed that there is a very weak preference for the top/fcc stacking (i.e. C atoms positioned above the Cu atoms and the fcc hollows of the Cu (1 1 1) surface), in line with a rather weak interaction and a large separation between graphene and Cu. The graphene lattice constant has been adjusted to match the in-plane lattice constant of the Cu(1 1 1) surface (a mismatch of ∼3.8%). The dispersioncorrected binding energy, E b , of graphene to the Cu substrate is −42 meV per C-atom at an equilibrium distance of 3.13 Å between the carbon layer and the Cu surface. These values are in good agreement with the RPA-ACFDT results of Olsen et al [19] (E b = −62 meV per C atom and d = 3.25 Å, respectively). Calculations with the 'vdW-functional' of Langreth et al [30, 31] predict a larger interfacial distance of 3.58 Å at a slightly lower binding energy of-38 meV per C-atom. [18] Dimers with an initial geometry determined in the gas-phase were placed on top of the graphene layer, both perpendicular and parallel to the support. We have calculated both the interaction energy, E int , of dimers with the graphene/Cu(1 1 1) complex, measured as the total energy difference of the entire system, the bare graphene/Cu(1 1 1) support and the dimer in the gas phase, and the cohesive energy E b coh of the supported dimer, calculated with respect to the isolated Co, Pt and Ir atoms and the bare graphene/Cu(1 1 1) complex. The adsorbate/graphene/substrate complex was relaxed until the forces on all atoms were smaller than 25 meV/Å −1 , keeping the two lowest Cu layers in their bulk-like positions. Simultaneously, the electronic and magnetic degrees of freedom were relaxed until the change in total energy between successive iteration steps was smaller than 10 −7 eV. For each system considered here, both scalar-relativistic calculations and calculations self-consistently including SOC [32, 33] were performed. Magnetic anisotropy energies have been calculated as total energy differences from self-consistent calculations for different orientations of the magnetic moments. For a more detailed description of the computational approach we refer to our earlier work [10] .
Results

Pt-adatoms
Before discussing the results for dimers, it is interesting to study the adsorption properties of a single Pt-adatom on graphene/Cu(1 1 1), in comparison with an atom on graphene/ Ni(1 1 1) [7] or on a freestanding graphene layer [6] . As for a Pt adatom on a freestanding or on Ni(1 1 1)-supported graphene, the bridge (br) position is found to be energetically most favorable (E int = −2.36 eV), followed by the on-top (ot) (E int = −2.21 eV) and hollow (6h) (E int = −1.75 eV) sites, at vertical distances of z Pt−G , of 2.07 (br), 2.08 (ot) and 1.87 Å (6h) to the average height of the atoms in the graphene layer, respectively (see table 1 ). The modest difference between the adsorption energies in br and ot sites shows that Pt atoms on graphene/Cu(1 1 1) are rather mobile, with diffusion along the network of the C-C bonds requiring an activation energy of only 0.15 eV, even lower than the diffusion barrier for Pt on freestanding graphene (0.18 eV) and much lower than that on graphene/Ni(1 1 1) (0.72 eV). This means that while the formation of dimers or larger clusters is limited by slow diffusion on Ni-supported graphene [7] , it is much easier on both freestanding and Cu-supported graphene.
Due to the binding to the adatom, the interaction between the C atoms of the graphene layer is locally reduced. The slightly stretched C-C distances induce a corrugation of the graphene layer, with an amplitude increasing with the strength of the interaction: 0.03 Å (6h), 0.08 Å (ot) and 0.15 Å (br), but much smaller than the buckling calculated for freestanding and Ni-supported graphene (see table 1 ). The C atoms connecting directly to the adatom move outwards for Pt adsorbed on a freestanding layer and on graphene/Cu(1 1 1), in contrast to the Pt atoms on graphene/Ni(1 1 1) which are located in the center of a broad depression of the C layer. Although z Pt−G varies quite strongly for various supports, the Pt-C bond length of 2.10 ± 0.01 Å is almost substrate independent. In contrast to the Pt adatoms on graphene/Ni(1 1 1) which carry small magnetic moments (increasing from the br (−0.02μ B ) over the ot (−0.05μ B ) to the 6h site (−0.19μ B )), adatoms on freestanding or Cu-supported graphene are always non-magnetic.
These results demonstrate that, while there is a strong interaction between metallic adatoms and a metallic, ferromagnetic substrate mediated by the graphene layer, these effects are much weaker for a noble-metal support on which the graphene layer is only physisorbed.
Homoatomic Pt-and Ir-dimers
Calculations for dimers in the gas phase have been published in our earlier work [5] . Scalar-relativistic calculations predict for Pt 2 (Ir 2 ) dimers a bond length of 2.35 (2.21) Å and a spin moment of 1.0 (2.0)μ B /atom. SOC induces the formation of a high-moment state with the spin and orbital moments of 1.88 (3.88) and 2.74 (1.96)μ B , respectively, oriented along the dimer axis, and an MAE of 46.3 (69.8) meV/dimer for perpendicular magnetization.
On a freestanding graphene layer [6] a Pt 2 dimer is adsorbed in an upright position at a br site, with a Pt-Pt distance of 2.36 Table 1 . Adsorption energy, E int , height of the Pt-adatom above the average graphene sheet, z Pt−G , Pt-C bond length, d Pt−G , and buckling amplitude of the C-layer, b G , calculated for the Pt-adatom adsorbed in br-sites on the graphene-supported on Cu(1 1 1) and Ni (1 1 1), and on the freestanding graphene. [7] b Reference [6] Å and a total spin moment of 1.3μ B and an orbital moment of 1.70μ B . In particular, the moments on the lower Pt atom located 2.26 Å above the buckled graphene layer are reduced to less than half their value in a free dimer. The easy magnetic direction is along the dimer axis, where the MAE is reduced to 23.2 meV, in line with a reduced orbital anisotropy. The presence of a Ni substrate stabilizes a flat-lying, non-magnetic dimer with a bond length of 2.54 Å, placing both Pt atoms close to an ot site. A metastable upright dimer adsorbed in a br site is disfavored energetically by 0.34 eV, and remains magnetic with spin and orbital moments of 0.92 and 1.17μ B .
The easy magnetic axis remains perpendicular, but the MAE is dominated by the interface anisotropy of the Ni support [7] . On Cu(1 1 1)-supported graphene a flat position of the dimer with the Pt atoms in br-site is more stable than the upright one (E int = −1.03 versus −0.88 eV/Pt-atom). The Pt-Pt distance is 2.51 Å, and the average vertical distance to the weakly buckled graphene layer (b G = 0.16 Å) is 2.14 Å. The Pt atoms carry magnetic moments of 0.35μ B each and the neighboring C-atoms ±0.01μ B , completing a quantized total moment of 1μ B . The results compiled in table 2 show that the adsorption strength on graphene/Cu (1 1 1) is between that on freestanding and Ni-supported graphene, but that the distortion of the graphene layer is much weaker than on these two substrates.
Calculations including SOC predict for the flat configuration an easy magnetic axis perpendicular to both the Pt-Pt bond of the stable dimer and to the substrate (see figure 1(a) ), in contrast to the axial anisotropy of a Pt 2 dimer in the gas phase and on a freestanding graphene layer. The dimer has spin and orbital moments of 0.62 and 0.24μ B in the ground state (GS). A magnetization parallel to the dimer axis and to the support leaves the spin and orbital moments almost unchanged and costs a minimal MAE of 0.7 meV. An in-plane rotation of the magnetization by 90°, perpendicular to the dimers axis, costs an MAE of 2.9 meV and leads to a slightly increased orbital moment.
For the metastable upright Pt dimer on graphene/Cu(1 1 1), calculations including SOC predict spin and orbital moments of 1.13 and 1.45μ B , respectively, slightly reduced, compared to a dimer on freestanding graphene. The reduction of the moments occurs only on the atom in direct contact with the support, while the local moments on the upper Pt atom are essentially the same. The easy magnetic axis is parallel to the dimer axis and perpendicular to the support, the MAE for magnetization parallel to the support is 23.1 meV, correlated to large spin and orbital anisotropies on both Pt atoms. This means that the magnetic anisotropy of an upright Pt 2 dimer on graphene is almost unchanged by the Cu support. However, the interaction with the support destabilizes the upright relative to a flat configuration, which is only weakly magnetic and shows a much lower magnetic anisotropy.
As already discussed above a free Ir 2 dimer has a higher spin but lower orbital moments than Pt 2 and a larger axial magnetic anisotropy. In contrast to Pt 2 , the magnetism of the Ir 2 dimer was found to be extremely sensitive to the interaction with the support. Xiao et al [8] have reported that a dimer bound in an upright configuration in the center of a benzene ring is nonmagnetic, and the same result was found for a Ir 2 dimer on a freestanding graphene layer. The upright Ir 2 dimer is located in a 6h site, E int = −0.73 eV/Ir-atom, z Ir−G = 1.81 Å, the bond length is d = 2.21 Å. A weak spin moment of about 0.1μ B was calculated for the upper atom of the dimer, while a zero moment was found for the lower atom. The weak moment of the dimer is compensated by very small moments of the opposite direction on the surrounding C atoms, such that the net moment of the dimer/substrate complex is zero. Calculations including SOC confirmed that the dimer is non-magnetic. A flat configuration with both Ir atoms close to bridge (br) sites is 0.22 eV/Ir-atom higher in energy (E int = −0.51 eV/Ir-atom, z Ir−G = 2.18 Å, d = 2.18 Å). In contrast to the stable upright dimer, in the metastable configuration the dimer is magnetic with spin moments of 0.66μ B on both atoms (strongly reduced compared to local spin moments of 2μ B in the free dimer).
On graphene/Cu(1 1 1) a flat Ir 2 dimer with both atoms located in br positions is more stable (E int = −0.98 eV/Ir-atom) than an upright cluster (E int = −0.91 eV/Ir-atom) positioned in a 6h site of the C-layer. The difference between these two configurations is less pronounced than for the Pt dimer. The Ir-Ir bond length is 2.33 (2.21) Å for flat (upright) configurations, the vertical distance to an average height of the graphene layer is 2.08 (1.76) Å. The buckling amplitude of the C-layer reaches 0.19 Å for the flat and 0.04 Å for the upright dimer. The scalarrelativistic spin moments on the Ir sites for the stable dimer are 0.47μ B (reduced by 0.19μ B compared to the flat dimer on graphene only) and, together with small moments induced on the neighboring C-atoms, the quantized moment of the entire complex is just 1μ B . For the upright dimer the spin moment of the lower atom in direct contact with graphene is almost completely quenched to 0.02μ B , and even that on the upper atom is only 0.25μ B . In this case the local moment is increased compared to the dimer on graphene.
Relativistic calculations have been performed for both configurations, and the results are presented in figure 2. In the magnetic GS of the flat dimer, the magnetization is oriented perpendicular to the Ir-Ir bond and parallel to the substrate, in contrast to the axial anisotropy of the free dimer. SOC leads to a reduction of the spin moment from 0.47 to 0.36μ B , which is not entirely compensated by the modest orbital moments. Together with the moments induced on the C atoms, the total moment is again about 1μ B . In-plane rotation of the magnetic moments by 90° [7] b Reference [6] to a direction parallel to the support and to the dimer axis costs only a very modest MAE of 1.0 meV, although very substantial negative spin and orbital anisotropies are found (Δm S = −0.07μ B , Δm L = −0.15μ B ). The local orbital moments are canted relative to the global magnetization direction. Magnetization perpendicular to the substrate and to the dimer axis leads to a slight increase of the local spin moments, from 0.36 to 0.39μ B at a substantial negative orbital anisotropy (an increase from 0.08 to 0.20μ B ) and costs a small MAE of 0.7 meV. In the metastable upright geometry the easy magnetic axis is oriented along the Ir-Ir bond. SOC strongly affects the magnetic moments on both atoms, i.e. the spin magnetic moment on the lower atom is enhanced to 0.19μ B and on the upper one to 0.92μ B . The local orbital moments are −0.09 and 0.79μ B on the lower and upper Ir atoms, respectively. The rotation of the magnetic moments out of the easy axis to a direction parallel to graphene leads to a strong reduction of the spin moments to values close to the scalar-relativistic results, and the orbital moments are also strongly reduced (but the antiparallel orientation of spin and orbital moments on the lower Ir atom is not changed). The large MAE of 42.4 meV correlates with the strong spin and orbital anisotropies (Δm S = 0.83μ B , Δm L = 0.51μ B ). The MAE is lower than that calculated for the free Ir 2 dimer, the spin anisotropy is enhanced, while the orbital anisotropy is only half as large as for the free dimer. We were also able to identify a non-magnetic state which is higher in energy than the GS by 63 meV only. This result confirms that for Ir 2 the energy difference between magnetic and non-magnetic states is very small such that stability can be changed even by very small changes in the environment.
Heteroatomic PtCo and IrCo dimers
Heteroatomic PtCo and IrCo dimers in the gas-phase and supported on a freestanding graphene layer have been investigated in our recent work. [10] Free PtCo(IrCo) in the gas-phase scalar-relativistic calculations predict a spin magnetic moment of 3 (4)μ B and a bond length of 2.19 (2.08) Å. Calculations including SOC lead to a small increase of the Pt-Co and Ir-Co bond lengths by 0.01 Å. In the magnetic GS the total magnetic moment of 4μ B (μ S = 2.85μ B , μ L = 1.15μ B ) of the PtCo dimer is parallel to the dimer axis. For perpendicular magnetization, the total moment is only about 3μ B (m S = 2.56μ B , m L = 0.50μ B ), the strong spin and orbital anisotropies lead to a high MAE of 18.8 meV/dimer. The local spin moments are of the same order of magnitude as in the homoatomic Pt 2 and Co 2 dimers, but the orbital moment is strongly reduced on Pt and increased on the Co atom. Details of the structural, energetic and magnetic properties of heteroatomic dimers in the gas phase and on a freestanding graphene layer may be found in [10] .
Similarly, the magnetic GS of the IrCo dumbbell is a high-moment state with a total magnetic moment of ∼5.5μ B (m S = 3.56μ B , m L = 1.89μ B ), oriented along the Ir-Co bond. For perpendicular magnetization the total magnetic moment decreases to ∼4μ B (m S = 3.46μ B , m L = 0.69μ B ) at a very high anisotropy energy of 69 meV/dimer. The much higher MAE than for the PtCo dimer is correlated to a higher total orbital anisotropy (Δm L = 0.65μ B for PtCo and 1.20μ B for IrCo). One has to note that for PtCo the largest contribution to the orbital anisotropy comes from the Co atom, while for IrCo both atoms contribute evenly to the anisotropy. Together with the larger total moment this explains the larger MAE.
For IrCo these results can be compared with the fully relativistic local orbital calculations of Xiao et al [8] . Both calculations predict similar local spin and orbital moments on the Co atom, whereas moments enhanced by 0.2μ B (orbital moment) and 0.29μ B (spin) are predicted on the Ir atom. The largest difference is found for the MAE where the value of 142 meV/dimer reported by Xiao et al is about twice as large as our result. Such a large difference was also found for homoatomic 3d and 4d dimers where Fritsch et al [3] consistently reported larger values than either Blonski and Hafner [5] or Strandberg et al [4] .
On freestanding graphene [8, 10] both PtCo and IrCo adsorb in an upright configuration with Co binding to the center of a carbon ring. The spin moment of the entire dimer-substrate complex is the same as for the dimer in the gas phase, however the moment on the atom in contact with the substrate is reduced, whereas that on the upper atom is closer to the value for the free atom. The Pt-Co bond length is shortened by 0.01 Å, while that of Ir-Co is increased by 0.05 Å. Calculations including SOC predict an easy magnetization direction perpendicular to the substrate, parallel to the dimer axis as for the free cluster (for details, see [10] ). Again, the rotation of the magnetization from easy to hard direction leads for both dimers on graphene to a transition from a high-moment
, resulting from a modest spin and a strong orbital anisotropy [8, 10] . The MAE of 11.7 meV/PtCo dimer is reduced by 32% compared to the free PtCo, while that for IrCo it is even enhanced from about 35% from 69 meV for the free dimer to 93 meV for the dimer supported on the freestanding graphene [10] . A similar enhancement has also been reported by Xiao et al [8] .
The energetic, geometric and magnetic properties of PtCo and IrCo dimers on Cu-supported graphene are summarized in table 3. The adsorption geometry is essentially the same as on freestanding graphene, but while for PtCo both bond length and height above the substrate are slightly reduced (by 0.02 Å and 0.07 Å, respectively), for IrCo the bond length remains unchanged while the height of the Co atom above the graphene layer is reduced from 2.22 to 1.61 Å. This shows that the increased strength of the interaction with the substrate (for PtCo E int = −1.89(−1.16) eV/dimer with and without the Cu substrate, for IrCo E int = −1.67(−1.23) eV/dimer) influence the adsorption geometry in different ways. A Co-up configuration leads to an adsorption energy of only E int = −0.95(−1.39) eV/dimer for PtCo(IrCo). The structural energy difference in favor of an upright configuration, as well as the increase of the adsorption energy due to the Cu substrate, are much larger for PtCo than for IrCo.
The scalar-relativistic spin moments on the Pt (0.97μ B ) and Co atoms (1.72μ B ) of the dimer are reduced compared to the dimer on freestanding graphene, reflecting the stronger interaction with the support. Relativistic calculations including SOC predict for the stable dimer a GS with perpendicular magnetization, parallel to the dimer axis. The spin moment on the Co atom is almost isotropic, while the Pt atom shows a modest negative spin anisotropy of Δ μ S = 0.09μ B . The local orbital moment of Co is almost completely quenched to zero (0.02μ B ), but increases for magnetization perpendicular to the dimer and parallel to the substrate (see figure 3(a) ). The orbital moment on the Pt atoms is largely reduced compared to the graphene-supported dimer and shows a strong negative anisotropy, increasing from 0.18μ B in the GS to 0.45μ B for magnetization perpendicular to the dimer axis. The negative spin and orbital anisotropies on the Pt atom contrast with the positive value found for PtCo on free graphene. The MAE is only to 7 meV/dimer, i.e. further decreased compared to the free and graphene-supported dimer.
Relativistic calculations for IrCo predict an easy magnetic axis parallel to the Ir-Co bond and perpendicular to the substrate (see figure 3(b) ) with spin (orbital) moments of 1.92 (1.66)μ B on Ir and 1.62 (0.10)μ B on the Co atom. Compared to the free dimer both spin and orbital moment are enhanced on the Ir atom, whereas they are reduced on the Co atom. The orbital moment of Co in particular is nearly completely quenched by the interaction with the substrate. Compared to the dimer on a freestanding graphene layer, the changes are only modest. The additional effect due to the Cu support plays a minor role for the local moments, in particular the spin and orbital anisotropies on the Ir atom remain as large as without the Cu substrate. A rotation of the magnetization to a direction parallel to the support costs a large MAE of 204 meV, nearly twice as large as the MAE of 93 meV obtained for IrCo on graphene [10] . The orbital anisotropy is dominated by the contribution from Ir and is the main factor promoting the huge MAE of the IrCo dimer, quite independent of the nature of the substrate.
Electronic structure and magnetic anisotropy
A high MAE depends on the intrinsic properties of the dimer and on an interaction of the dimer with the substrate favoring an upright adsorption geometry. For free homoatomic dimers the dependence of the MAE on the d-band filling is well understood in terms of an analysis of the eigenvalue spectra proposed by Strandberg et al [4] -a high MAE will be found if a doubly degenerate orbital at the Fermi level, occupied by a single electron, exists for perpendicular magnetization and is split under the influence of SOC for axial magnetization [5] . The arguments can also be extended to heteroatomic dimers [10] and explain the exceptionally large MAE of Ir 2 and IrCo dimers.
For the supported dimers the essential point is the stable adsorption geometry-a large MAE can be achieved only for a dimer perpendicular to the substrate. On a freestanding graphene layer, an upright adsorption geometry is stable for both homo-and heteroatomic dimers, because the interaction between the metallic atoms is stronger than their binding to the support [6, 10] . However, while graphene-supported Pt 2 remains magnetic, with spin and orbital moments only reduced compared to the free dimer, an upright Ir 2 dimer on graphene is non-magnetic. Heteroatomic IrCo and PtCo dimers are bound to graphene through the Co atom whose magnetism (in particular the orbital moment) is strongly reduced, while due to the weaker binding within the dimer the moments are enhanced on the 5d atoms who become closer to the free-atom limit. The interaction with graphene enhances the MAE of IrCo, but reduces that of PtCo. The mechanism determining the MAE is the same for free and graphene-supported IrCo, whereas for PtCo the broadening of the eigenstates due to the interaction with the substrate reduces the influence of the SOC-induced shift of the eigenstates on the MAE [10] . The situation is changed for graphene deposited on a matching metallic surface: for homoatomic dimers the stronger interaction of the adatoms with the substrate stabilizes a flat adsorption configuration, while an upright dimer is only metastable. Due to the stronger binding to the substrate and the increased lattice constant of the graphene layer matched to Cu (1 1 1) , the interatomic distance in the dimers is stretched from 2.36 to 2.51 Å for Pt 2 , and from 2.21 to 2.33 Å for Ir 2 . The larger distance favors the formation of a weak magnetic moment. Both dimers are weakly magnetic with a very small MAE. In the metastable upright geometry large moments are formed on the upper atom whose large orbital anisotropy determines a large MAE reaching about 50% of that of the free dimers.
For the mixed 3d-5d dimers on graphene/Cu the much stronger binding of the 3d than of the 5d atoms to the support leads to a preference for an upright configuration. The moments on the 3d atom binding to the substrate are strongly quenched and the 5d moments are also reduced-to values much lower than for the free dimer for PtCo, whereas for IrCo The situation is different for the supported PtCo/graphene/Cu dimer. The antibonding δ d ⋆ state is now fully occupied and located just below E F . Unlike for the free dimer, the SOC-induced splitting of the states does not reorder the energy levels and the σ d state remains higher in energy. However, as the separation of the states is very small, the σ d state is partially populated at the expense of the antibonding δ d ⋆ state. The SOC-induced splitting of the δ d ⋆ state shifts the center of gravity to slightly larger binding energies, but the mixing of the upper component with quantum numbers s z = −1/2 and m l = −2 with the σ d state becomes even more pronounced and results in an increased orbital moment and negative orbital anisotropy on the Pt atom. At larger binding energies the SOC-induced splitting of the eigenstates for perpendicular magnetization is much smaller than for the supported IrCo dimer. Together, the contribution of all eigenstates to the MAE decreases from the free to the graphene-supported and further to the dimer on graphene on Cu(1 1 1).
Conclusions
We have used ab-initio DFT calculations to investigate the properties of magnetic transition-metal dimers adsorbed on a graphene monolayer supported on a Cu (1 1 1) substrate. The results show that the graphene layer does not entirely isolate the dimers from the metallic substrate. A clean graphene layer is only weakly physisorbed on the Cu (1 1 1) surface. Metallic adatoms or dimers bind quite strongly to graphene, causing a weaker binding and a local elongation of the C-C bonds and a substantial buckling of the carbon layer. For homoatomic Ir 2 and Pt 2 dimers the presence of the substrate leads to an increase of the adsorption energy by about 0.2 eV/dimer, but the most important effect is that a flat adsorption geometry, with both atoms binding to C-C bridge sites, is now more stable than the upright geometry preferred on the freestanding graphene layer. The flat dimers are only weakly magnetic with a small MAE, in contrast to the strongly anisotropic magnetism of upright dimers. For the mixed IrCo and PtCo dimers an upright configuration represents the ground state even on Cu(1 1 1)-supported graphene, but the influence of the substrate on the magnetic anisotropy is totally different. For IrCo only the local moments on the Co atom binding to graphene are quenched through the interaction of the support, while the spin and orbital moments on the Ir atom remain almost unchanged. The mechanism causing the large magnetic anisotropy of free and graphenesupported IrCo dimers (the SOC-induced splitting of a singly occupied δ d ⋆ state at the Fermi-level) remains intact, and further contributions from states at larger binding energies leads to an MAE increasing in the sequence-free IrCo (MAE = 69 meV/dimer)-IrCo/graphene (93 meV/dimer)-IrCo/graphene/ Cu(1 1 1) (204 meV/dimer). In contrast for PtCo not only the Co moments are reduced by the interaction with the support, but also the orbital moments on the Pt atom are smallest for PtCo/graphene/Cu (1 1 1) , lower than for the free dimer and much lower than for PtCo/graphene. This is related to the strong mixing of the fully occupied δ d ⋆ state with an energetically almost degenerate σ d state. The mixing is even stronger for perpendicular magnetization, leading to a strong negative orbital anisotropy on the Pt atom. Together, the MAE decreases with increasing strength of the interaction with the support: free PtCo (MAE = 19 meV/dimer)-PtCo/graphene (12 meV/ dimer)-PtCo/graphene/Cu(1 1 1) (7 meV/dimer). 
